Amorphous alloys have superior mechanical, magnetic, electrical, and chemical properties. In the field of catalysis, amorphous alloys are attractive as precursors of highly active oxide-supported metal catalysts, because the catalysts prepared from amorphous alloys often have a unique structure and surface properties which are different from the catalysts prepared by conventional methods involving a wet impregnation method.
In the atmosphere under the reaction, nickel remains in the metallic state, but zirconium is oxidized to zirconia. In other words, during the reaction the amorphous Ni-Zr alloys are converted to zirconiasupported nickel catalysts without a prior oxidation-reduction treatment. It is known that the stable phase of zirconia is monoclinic at room temperature. 2 However, in these catalysts, two types of zirconia are present, that is, the monoclinic and tetragonal phases, the latter of which is generally stable only at high temperatures of more than 1373 K. 3 Furthermore, it is clear that tetragonal zirconia-supported nickel catalysts have higher activity for methanation of carbon dioxide than monoclinic zirconia-supported nickel catalysts. 4 It is well known that tetragonal zirconia is stabilized by the addition of rare earth elements. When 5 atom % or more rare earth elements are added to Ni-Zr alloys, the relative amount of tetragonal zirconia increases and the catalytic activity is further enhanced. [5] [6] [7] In this manner, the catalytic activity is apparently strongly correlated with the formation of tetragonal zirconia. Since the oxidation process of the alloys is presumed to change the phases of the zirconia formed, it is important to clarify the oxidation behavior of amorphous Ni-Zr and Ni-Zr rare earth element alloys.
The aims of this study are to clarify the oxidation behavior of amorphous Ni-Zr and Ni-Zr-Sm alloys and to prepare the finegrained tetragonal zirconia from the amorphous alloys.
Experimental
Crystalline alloy ingots of Ni-(30, 40, 50, 60, and 70) atom % Zr and Ni-(40-x) atom % Zr-x atom % Sm (x ϭ 5 and 10) were prepared by argon arc melting of 99.95% pure nickel, 99.6% pure zirconium, and 99.9% pure samarium. Amorphous alloy ribbons, of about 0.5 mm width and 10-15 m thick, were obtained by a single roller melt-spinning method in an argon atmosphere. The amorphous structure was confirmed by X-ray diffraction (XRD) using Cu K␣ radiation.
The gravimetric measurement was carried out in an Ar-O 2 atmosphere at an oxygen partial pressure of 20 kPa. The temperature was raised from room temperature to 773 K with a heating rate of 20 K/min and then kept at 773 K for more than 20 h. The isothermal oxidation experiment was also carried out at 773 K under the same atmosphere. In this experiment, in order to avoid preoxidation before the temperature reached 773 K, the alloy specimens were kept in high purity argon during heating to 773 K. The oxidation kinetics were determined using an electronic microthermobalance with an accuracy of 10 g. After the oxidation tests, the structure of specimens was identified by XRD using Cu K␣ radiation. The average grain sizes of zirconia were estimated using Scherrer's equation. 8 The surfaces and cross sections of the specimens were examined by scanning electron microscopy (SEM).
Results and Discussion
Oxidation kinetics.- Figure 1 shows the temperature-time relation and corresponding mass gain curves of amorphous Ni-Zr and Ni-Zr-Sm alloy ribbons. The mass gain for almost all the amorphous alloys is small in the first 1200 s. After 1200 s, the amorphous Ni40Zr and samarium-containing alloys show a steep weight gain even before the temperature reaches 773 K. The mass gain of the samarium-containing alloys is more rapid than that of the Ni-40Zr alloy. On the other hand, the amorphous Ni-70Zr alloy reveals only a gradual increase in mass gain after reaching the temperature to 773 K. This indicates that the zirconium-rich alloys forms a rather protective oxide scale. By contrast, the samarium-containing alloys form a less protective oxide scale.
The parabolic plots of mass gain obtained from the isothermal oxidation experiment at 773 K for amorphous Ni-40Zr and samarium-containing amorphous alloys are shown in Fig. 2 . After a short incubation period the oxidation of these alloys follows the parabolic rate law. Clearly, the parabolic rate constants for the samarium-containing alloys are much larger than that for the Ni-40Zr alloy. These results are summarized in Table I . Thus, the addition of samarium accelerates the oxidation of the alloys. The parabolic rate constants S0013-4651(00)04-067-2 CCC: $7.00 © The Electrochemical Society, Inc.
for the samarium-containing alloys are almost independent of the samarium content. After the parabolic region of oxidation, a further slight mass gain is observed. On the Ni-40Zr alloy, nickel oxide emerges from cracks on the surface solidified in contact with copper roll. 9 On the other hand, no nickel oxide particles exist on the freely solidified surface. On the samarium-containing alloy, nickel oxide emerges on both surfaces, and the amount of the nickel oxide is significantly larger than for the samarium-free Ni-40Zr alloy. Thus, the samarium-free Ni-40Zr alloy forms a dense oxide scale, so that nickel oxide grows only through cracks on the alloy surface. By contrast, it is suggested that the samarium-containing alloy has many easy paths for outward migration of nickel through the zirconium-rich oxide scale, possibly due to the larger amount of defects in the oxide scale. Thus, nickel oxide can grow on the entire surface.
Oxidation products.- Figure 5 shows XRD patterns of amorphous Ni-50Zr alloys before and after oxidation at 773 K and after further thermal treatment at 1073 and 1373 K in air. Before oxidation (Fig. 5a) , a halo pattern, typical of an amorphous structure, is observed. After oxidation at 773 K for 5 h (Fig. 5b) , the halo pattern is no longer observed, and it is found that zirconium is oxidized to tetragonal and monoclinic zirconia, and that nickel is oxidized to cubic NiO although some metallic face-centered cubic (fcc) nickel still remains. In Fig. 5b , no reflections of metallic zirconium are observed, indicating that metallic zirconium is almost completely consumed during the parabolic course of oxidation. On the other hand, the reflections of the metallic fcc nickel remain after oxidation at 773 K for 5 h. During oxidation at 773 K for 24 h, the metallic nickel was converted to NiO, although the diffraction pattern is not shown.
It is well known that pure zirconia transforms among three phases, that is, monoclinic, tetragonal, and cubic, depending upon the heating temperature. The monoclinic phase is stable at lower temperatures, and reversible transformations from monoclinic to tetragonal, and from tetragonal to cubic phases occur at 1387 and 2642 K, respectively. Thus, the monoclinic phase is only thermodynamically stable at room temperature, but the tetragonal phase also exists after the oxidation of the amorphous Ni-50Zr alloy. In order to confirm the thermal stability of the tetragonal phase, the oxidized alloy ribbon was thermally treated at 1073 and 1373 K for 5 h in air. The relative diffraction intensities of the tetragonal phase in the XRD patterns slightly increase after the thermal treatment at 1073 K. However, after the thermal treatment at 1373 K for 5 h, the reflections of the tetragonal phase disappear and the reflections of the monoclinic phase become stronger and sharper. From these observations, the tetragonal phase derived from amorphous Ni-Zr alloys is metastable and transforms irreversibly to the monoclinic phase at temperatures between 1073 and 1373 K.
The effect of the nickel content in the amorphous Ni-Zr alloys on the structure of zirconia formed by oxidation has been examined. Figure 6 shows XRD patterns of amorphous Ni-Zr alloys with various nickel contents. The diffraction intensities of the tetragonal zirconia phase increase with increasing nickel content. This trend is clearly seen in Fig. 7 , showing the relative peak height of the (111) reflection for tetragonal zirconia at the diffraction angle of about 30Њ with respect to the total peak heights of the (111) reflection for tetragonal zirconia and the (1 ෆ11) reflection for monoclinic zirconia at the diffraction angle of about 28Њ as a function of alloy nickel content. From these results, it is thought that the tetragonal zirconia derived from amorphous Ni-Zr alloys is preferentially formed by the presence of large amounts of nickel. In addition to the change in the relative amount of the tetragonal phase, the particle size of zirconia was calculated by line broadening analysis 8 of the XRD patterns shown in Fig. 6 . The results are exhibited in Fig. 8 . The grain size of the tetragonal zirconia is less than 12 nm and is independent of the zirconium content of the alloys. On the other hand, the grain size of the monoclinic zirconia is greater than 13 nm. From Fig. 5d , the reflections of the monoclinic zirconia formed by thermal treatment at 1373 K for 5 h are sharper than those of the tetragonal zirconia before the thermal treatment. Thus, the formation of the monoclinic zirconia may result from the grain growth of the zirconia, as is explained later.
Stabilization of tetragonal zirconia.-There are two major theories to explain the stabilization of metastable tetragonal zirconia, that is, kinetic formation 10 and thermodynamic stabilization. 11, 12 The kinetic theory interprets the formation of the metastable tetragonal zirconia as follows: when amorphous zirconia crystallizes, the tetragonal phase is first formed unless an excess energy is available to form the monoclinic phase. In this case, the activation energy (⌬E, Fig. 9a ) of the phase change plays a more important role than the energy difference (⌬G, Fig. 9b ) between the two phases. This theory gives an account of the irreversible transformation between metastable tetragonal and monoclinic phases. However, application of this theory is only straightforward for pure zirconia. By contrast, from a thermodynamic perspective the tetragonal zirconia may be stabilized by changes in grain size, dopants, and so on. As shown in Fig. 9b , depending on the grain size, dopant content, temperature, and pressure, tetragonal zirconia can become the most stable phase.
Garvie tried to explain the stabilization of the metastable tetragonal phase by a particle size effect. 11, 12 The following equation that takes the surface energy into account was proposed
where F is the molar free energy of zirconia in the form of a large single crystal, A is the molar surface area, and ␥ is the surface energy. The subscripts, mon and tet, refer to the monoclinic and tetragonal phase, respectively. It is known that the surface energy of the tetragonal phase is lower than that of the monoclinic phase. 13 If the relative thermodynamic stabilities of the tetragonal and monoclinic zirconia vary as a function of grain size of zirconia under given temperature and pressure conditions, the tetragonal phase becomes more stable than the monoclinic phase at a particular grain size. Using the above equation, Garvie calculated the critical size for stabilization of the tetragonal phase as 30 nm. The critical size measured by Clearfield was 12 nm. 14 This value agrees with the results shown in Fig. 8 . Thus, it is suggested that the tetragonal zirconia derived from amorphous alloys is stabilized by the formation of nanometer-sized grains of zirconia.
The tetragonal zirconia is formed by oxidation of amorphous Ni-Zr alloys, particularly when large amounts of nickel are contained in the alloy. It is found that NiO is finely dispersed in the zirconia formed on the amorphous Ni-Zr alloys. The fine dispersion of NiO may suppress the grain growth of the zirconia during oxidation of the alloys. Thus, the tetragonal zirconia is mainly formed on the nickel-rich amorphous Ni-Zr alloys. However, the formation of a 100% tetragonal phase is not attained even when 70 atom % nickel is added. It is well known that the addition of lower valency cations into zirconia stabilizes tetragonal zirconia. Thus in an attempt to attain the predominant formation of tetragonal zirconia, samarium was added to amorphous Ni-Zr alloys. As shown in Fig. 10 , the addition of samarium into amorphous Ni-Zr alloys pro- motes the formation of the tetragonal zirconia, and no reflections corresponding to monoclinic zirconia are observed for the samarium-containing alloys. It has been found that the catalysts prepared by the oxidation-reduction treatment of the amorphous Ni-Zr-Sm alloys have particularly high activity for methanation of carbon dioxide 7 and high activity as well as high durability for simultaneous methanation of carbon dioxide and carbon monoxide, 15 due to the beneficial role of the formation of tetragonal zirconia on the catalytic reactions.
Conclusions

1.
The oxidation of amorphous Ni-Zr and Ni-Zr-Sm alloys in air at 773 K results in the formation of nanograined ZrO 2 as well as NiO. The oxidation rate of the nickel-rich alloys is higher than that of the zirconium-rich alloys. The addition of samarium further accelerates the oxidation.
2. Zirconium oxides formed from amorphous Ni-Zr alloys by oxidation consist of two types of zirconia, that is, monoclinic and tetragonal zirconia. The tetragonal phase is metastable.
3. The relative amount of tetragonal zirconia formed by oxidation increases with increasing nickel content of the amorphous Ni-Zr binary alloy.
4. The particle size of the tetragonal zirconia is less than 12 nm, which is known to be the critical size to stabilize the tetragonal polymorph.
5. Samarium additions into amorphous Ni-Zr alloys lead to the predominant formation of tetragonal zirconia. 
